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monolinolein	 and	 monoolein,	 and	 eicosapentaenoic	 acid	 (EPA)	 was	 used	 as	 guest	
molecule.	 Sucrose	 stearate	 was	 investigated	 as	 a	 new	 food-grade	 stabilizer.	 Firstly,	
phase	 diagram	 of	 the	 EPA/monoglycerides	 system	 in	 excess	 water	 was	 completed;	
secondly,	the	most	interesting	EPA-loaded	samples	were	dispersed	with	two	different	




structure	 swelling,	 which	 allows	 to	 eventually	 load	 larger	 compounds,	 and	 it	 has	 a	
stability	in	the	range	of	9	–	15	days,	depending	on	the	EPA	load.	Even	though	sucrose	
stearate	stabilized	nanoparticles	can	be	only	used	for	fresh	products	with	limited	shelf	










Le	 strutture	 mesofasiche	 dei	 cristalli	 liquidi	 liotropici	 a	 base	 di	 monogliceridi	 sono	
ampiamente	utilizzate	per	veicolare	 farmaci.	 In	questo	 lavoro,	 la	matrice	 lipidica	era	




eccesso	 di	 acqua	 e,	 successivamente,	 i	 campioni	 più	 interessanti	 sono	 stati	 dispersi	
utilizzando	due	diversi	stabilizzanti.	Il	molto	usato	e	ben	conosciuto	Pluronic	F127	e	il	





inserimento	di	molecole	più	grandi	ed,	 inoltre,	garantisce	9	 -	15	giorni	di	 stabilità,	a	
seconda	 della	 quantità	 di	 EPA.	 Ciò	 significa	 che,	 ad	 oggi,	 l’impiego	 di	 nanoparticelle	
stabilizzate	con	saccarosio	stearato	è	limitato	a	prodotti	freschi	con	breve	shelf-life,	ma	
più	ricerca	dovrebbe	essere	condotta	in	questa	direzione	perché	il	potenziale	di	questi	





































































air-water	 or	 oil-water	 interface,	 lipids	were	 organized	 in	 two	 classes:	 non-polar	 and	
polar	 lipids.	 The	 latter	 are	 divided	 in	 three	 subclasses,	 based	 on	 the	 self-assembly	
behavior.	
Looking	at	polar	lipids,	in	class	I there are	insoluble,	non-swelling	amphiphiles.	Di-	and	
triglycerides,	 long-chain	 protonated	 fatty	 acids	 and	 alcohols,	 waxes,	 sterol	 esters,	
phytols,	retinols,	fat-soluble	vitamins	and	cholesterol	belong	to	this	group.	
Polar	 lipids	 in	 class	 II are	 insoluble,	with	 swelling	 properties. Molecules as lecithin, 
monoglycerides and fatty acids self-assemble to form well-defined structures in bulk 
liquids (e.g. water or intestinal fluids). 
Soluble	 amphiphiles	 belong	 to	 class III, they	 have	 clear	 polarity	 between	 the	
hydrophobic	and	hydrophilic	moieties	and	organize	in	self-assembled	phases	when	in	
contact	 with	 water.	 This	 class	 is	 further	 subdivided	 into	 anionic,	 cationic,	 non-ionic	
detergents	and	lyso-lecithin	in	one	group,	and	into	bile	salts,	saponins,	rosin	soaps	and	
phenanthrene	sulfonic	acids	in	the	other	[1].	
In	 the	 context	 of	 this	 work,	 monoglycerides	 self-assembly	 properties	 are	 the	 most	
significative.	Monoglycerides	possess	both	hydrophobic	and	hydrophilic	moieties,	the	
water-soluble	 part	 is	 generally	 called	 the	 “head”,	 while	 the	 water	 insoluble	 one	 is	
recognized	 as	 the	 “tail”.	 The	 self-assembly	 process	 can	 be	 manly	 attributed	 to	 the	









pH	 or	 solvent	 composition,	 they	 are	 called	 lyotropic	 liquid	 crystals	 (LLCs),	 whereas	









number	 of	 double-bonds	 in	 the	 alkyl	 chain,	 type	 of	 double-bonds,	 length	 of	 the	




solvent,	 electrostatic	 interactions,	 hydration	 level	 and	 other	 possible	 experimental	
conditions	need	to	be	considered	[3].	
A	good	qualitative	understanding	of	the	aggregation	behavior	of	amphiphilic	molecules	
can	 be	 obtained	 with	 the	 support	 of	 the	 critical	 packing	 parameter	 (CPP),	 a	
dimensionless	number	which	allows	to	foresee	the	type	of	aggregation.	It	is	defined	as	
following:	
	 𝐶𝑃𝑃 = 𝑣%𝑎'∙𝑙	 (1)	
	


























represents	 an	 unsustainable	 situation	 from	 an	 energy	 point	 of	 view.	 In	 order	 to	
overcome	that	energy	penalty,	alkyl	chains	of	amphiphilic	molecules	stretch	towards	
the	apolar	region,	away	from	their	preferred	conformation.	Beyond	the	stretching	limit,	






Figure	 1.3.	 Section	 of	 cylindrical	 shapes	 packed	 into	 hexagonal	 configuration.	





presence	 of	 water:	 lamellar,	 hexagonal	 and	 cubic,	 respectively.	 Depending	 on	 the	





The	 reverse	 phase	 has	 been	 acknowledged	 particular	 interest	 because	 peculiar	
mesophases	appear	in	excess	of	water	and	are	of	much	interest	as	potential	delivery	
vehicles	for	food	bioactives	and	drugs,	in	particular	for	the	ability	of	solubilizing	poorly	




Figure	1.4.	 Representation	of	 type	2	 (inverse)	 structure	and	 their	 variation	as	water	
content	 or	 critical	 packing	 parameter	 (CPP)	 change.	 L-R:	 Lα	 lamellar	 phase,	 P-D-G	





Each	bilayer	 involves	amphiphilic	molecules	which	hydrophobic	 tails	 face	each	other	
and	polar	heads	are	in	contact	with	the	water	molecules	that	are	located	between	the	
bilayers.	Ideally,	the	lateral	repulsive	pressure	among	adjacent	hydrocarbon	chains	is	












transition	to	 inverse	 lyotropic	phases,	either	by	 (i)	 increasing	the	negative	 interfacial	




communicating	water	 channel	 networks	with	 periodic	minimal	 surfaces,	 in	 order	 to	
reach	the	most	favorable	thermodynamic	state.	Inverse	bicontinuous	cubic	mesophases	








109.5°	 and	 form	 a	 diamond	 lattice.	 Ia3d	 crystallographic	 symmetry	 is	 based	 on	 the	
Schoen	gyroid	(G)	minimal	surface.	The	structure	 is	made	of	two	 independent	water	
channels	 separated	 by	 a	 bilayer,	 but	 in	 this	 case	 the	 aqueous	 channels	 are	
interpenetrating	left-handed	and	right-handed	helices.	


















different-sized	 micellar	 structures	 on	 a	 periodic	 lattice,	 e.g.	 Fd3m	 is	 composed	 by	
micelles	 in	a	double	diamond	arrangement,	as	 represented	 in	Figure	1.4.	This	phase	
occurs	 only	 in	 particular	 systems	 of	 lipids	 and	 water	 and	 at	 narrow	 range	 of	
temperature.	Fd3m	shows	peaks	 in	 the	ratio	of	√3:	√8:	√11:	√12:	√16:	√19…	 in	SAXS	
analysis	[5,	9].	
1.3.5 Inverse	micellar	phase	









Among	 amphiphiles,	 monoglycerides	 such	 as	 glycerol	 monooleate,	 also	 known	 as	
monoolein	 (MO),	 and	 glycerol	 linoleate,	 or	 monolinolein	 (ML),	 have	 been	 largely	
studied	 as	 self-assembly	 lipids	 for	 nanocarriers	 formulation.	 They	 consist	 of	 a	 polar	
glycerol	backbone	which	is	bonded	to	an	alkyl	chain,	with	single	or	double	unsaturation,	











































Depending	on	 the	nature,	 they	 can	be	positioned	within	 the	water	network	 (water-






water	 system.	 Lipophilic	 molecules	 induce	 a	 more	 negative	 mean	 curvature,	 thus	
transitions	occur	 in	 the	 sequence:	V2	à	H2	à	 Fd3m	à	 L2.	 This	 is	understood,	 since	
apolar	guest	molecules	reduce	the	packing	frustration,	in	other	terms	filling	the	“voids”	
of	the	self-assembled	structures.	In	addition,	lipophilic	compounds	lead	to	what	can	be	







strong	 hydrogen	 bond	 acceptor,	 thus	 the	 number	 of	 water	 molecules	 binding	 the	
monoglyceride	polar	head	is	reduced.	Alternatively,	chaotropes	lead	to	an	increase	of	
the	 mean	 curvature	 because	 they	 tend	 to	 destabilize	 water	 structure.	 Hence,	 they	
induce	the	formation	of	Lα	phase	from	the	hexagonal	and	cubic	phases	[7,	12].		
In	 this	 work,	 the	 inclusion	 of	 omega-3	 fatty	 acids	 is	 investigated.	 Due	 to	 their	
hydrophobic	 nature	 and	 the	 high	 degree	 of	 unsaturation,	 omega-3	 fatty	 acids	 is	
expected	to	induce	the	formation	of	highly	negative	mean	curvature	surfaces.	Ternary	
system	 of	monoglycerides/fish-oil/water	 well	 represent	 this	 behavior.	 In	 this	 study,	




inverse	 micellar	 phase	 can	 be	 noticed	 as	 the	 guest	 compound	 (EPA)	 content	 is	
increased.	
In	addition,	temperature	influence	on	the	phase	behavior	has	to	be	taken	into	account.	

















Mesosomes	 represent	 a	 delivery	 vehicle	 for	 many	 different	 compounds,	 either	
hydrophilic,	hydrophobic	or	amphiphilic.	Due	to	the	large	surface	area	of	the	internal	




liquid	 crystalline	 phases	 show	10-20	 times	more	 solubility	 capacity	 than	 that	 of	 any	
other	water	or	oil	phase	[16].	
Lots	 of	 different	 application	 have	 been	 explored	 and	 will	 be	 eventually	 further	
investigated.	Mesosomes	are	largely	studied	for	enhanced	solubilisation	and	sustained	
release	of	drugs,	nutrients	and	aromas,	control	of	membrane	crystallization,	improved	
bioavailability	 and	 delivery	 of	 bioactive	 compounds,	 ingredients	 protection	 from	
oxidation	and	formulation	of	biosensors	and	chemical	 reactors	 [17,	18].	The	 latter	 is	
widely	reported	in	the	field	of	green	and	organic	chemistry.	EMEs	stabilized	by	Span	80	








specific	 reaction	 rate;	 thirdly,	 internal	 surface	 structure	 of	 the	 lyotropic	 phase	 can	





of	 80%	 saturated	 and	unsaturated	monoglycerides	 and	20%	water.	After	 7	hours	of	
incubation,	a	1.7-	and	3-fold	increase	in	norfuraneol	level	was	detected	in	hexosomes	
using	 xylose/glycine	 and	 xylose/leucine,	 respectively,	 compared	 with	 the	 use	 of	 an	
aqueous	 media	 [20].	 Another	 example	 shows	 the	 different	 performance	 between	
reverse	micelles	and	 reverse	bicontinuous	cubic	phase.	The	 first	was	prepared	using	
80%	unsaturated	MG	 (Dimodan®	U)	 and	 20%	water,	 the	 latter	 using	 80%	 saturated	
monoglycerides	(Dimodan®	HR)	and	20%	water.	The	formation	of	2-furfurylthiol	from	
L-cysteine	and	 furfural	was	 induced	at	100°C	and	 resulted	5	 times	higher	 in	 reverse	
micelles	and	7	times	higher,	than	in	an	aqueous	phase	[21].	
In	 terms	of	 compounds	bioavailability,	 there	are	 several	 studies	 reporting	 facilitated	
uptake	 especially	 of	 lipophilic	 molecules.	 In-vitro	 experiments	 show	 that	 the	 high	
solubilisation	capacity	of	a	lipid-based	formulation	prevents	hydrophobic	compounds	
from	 precipitation	 in	 the	 gastro-intestinal	 (GI)	 tract,	 therefore	 a	 significant	
improvement	in	in-vivo	bioavailability	is	expected	when	compared	to	a	non-solubilized	
suspension	 formulation.	 For	example,	an	 in-vitro	 study	was	 conducted	 to	assess	 the	
bioavailability	 of	 a	 lipophilic	 drug	 (atovaquone).	 Different	 types	 of	 lipid-base	








tocotrienols)	 are	 powerful	 anti-oxidants	 which	 act	 as	 radical	 scavenging	 preventing	
chain	propagation	of	lipid	oxidation.	Vitamin	E	is	also	related	to	lowered	risk	of	coronary	
heart	 disease	 and	 atherosclerosis.	 People	 with	 pancreas	 insufficiency	 suffer	 from	






was	detected	between	 the	bioavailability	of	 free	and	acetylated	α-tocopherol,	 using	
either	 dispersed	 bicontinuous	 cubic	 phase	 or	 micellar	 formulations.	 Moreover,	
absorption	of	vitamin	E	from	cubosomes	and	micelles	resulted	higher	than	that	from	a	
standard	breakfast	but	lower	than	that	of	fortified	cereals,	probably	because	they	slow	





examples	 present	 in	 literature	 are	 i)	 oral	 bioavailability	 in	 rats	 of	 the	 poorly	 water	
soluble	drug	cinnarizine	in	a	lipid-based	liquid	crystalline	matrix	[24],	ii)	pH-responsive	
mesosomes	designed	to	trigger	compound	release	in	response	of	pH	changes	between	
stomach	 and	 intestinal	 environment	 [25],	 iii)	 phosphatidylcholine	 (SPC)/glycerol	
dioleate	 (GDO)	 formulation	 which	 incorporates	 significantly	 high	 amounts	 of	































Figure	 1.8.	 On	 the	 left,	 Cryo-TEM	 images	 of	 different	 mesosomes	 and	 their	
correspondent	 self-assembly	 structures	and	critical	packing	parameter	 (CPP).	 Images	
(from	the	top	to	 the	bottom)	show	a	hexosome,	a	cubosome	with	primitive	 internal	




As	 stated	 before,	 mesosomes	 are	 submicron	 sized	 particles	 obtained	 from	 the	
dispersion	of	fully	hydrated	lyotropic	liquid	crystalline	mesophases.	In	order	to	prevent	














Modification	 in	 the	 internal	 phase	 of	 cubosomes,	 hexosomes	 and	 EMEs	 has	 been	






















higher	 values	 of	 β,	 because	 of	 the	 difficulty	 to	 fragment	 smaller	 oil	 domains	 into	
particles.	 Furthermore,	 a	 trend	 in	 particles	 polydispersity	 could	 be	 observed:	 higher	




Finally,	 the	 effect	 of	 stabilizer	 on	 tetradecane-loaded	monolinolein-based	 (δ	 =	 66.7)	
micellar	cubosomes	was	investigated.	Clear	micellar	cubosomes	were	reported	at	β=4,	







drawback,	 Serieye	et	 al.	 [30]	explored	 the	use	of	other	a	 few	emulsifiers	 allowed	 in	
foods.	Sucrose	stearate	(S1670)	and	oleate	(OWA-1570),	sodium	stearoyl	lactylate	(SSL),	
sodium	 caseinate	 (NaCas),	 whey	 protein	 isolate	 (WPI),	 lecithin	 and	 polysorbate	 80	
(Tween	 80)	 have	 been	 chosen	 as	 candidates	 to	 replace	 Pluronic®	 F127	 in	 order	 to	
formulate	novel	foods.		
Table	 1	 reports	 the	 different	 values	 of	 particles	 size	 and	 stability	 time	 of	 the	























sugar	 head	 groups	 results	 in	 a	 less	 negative	 mean	 curvature,	 giving	 raise	 to	 the	
formation	of	H2	phase	in	place	of	L2	phase	[30].	

















stabilizer,	 sucrose	 stearate	 shows	 a	 very	 good	 coverage	 of	 the	 particle	 surface:	 the	
hydrophobic	heads	form	densely	packed	corona	and	ensure	steric	stabilization.	This	was	
also	confirmed	by	Serieye	et	al.	 [30],	 they	measured	the	zeta	potential	of	 limonene-








“sucrose	 esters	 of	 fatty	 acids”	 (E473)	 in	 the	 CODEX	 Alimentarius),	 sucrose	 stearate	






























δ-6-desaturase	 is	 involved	 in	both	pathways	 for	omega-3	and	omega-6	biosynthesis,	
which	 means	 possible	 competition	 for	 the	 conversion	 of	 different	 compounds.	
Secondly,	many	studies	indicate	that	conversion	of	ALA	(18:3n-3)	to	EPA	(20:5n-3)	and	
mostly	 DHA	 (22:6n-3)	 is	 quite	 inefficient.	 Researchers	 have	 shown	 that	 dietary	
supplementation	 of	 linseed	oil	 (ALA)	 leads	 only	 to	 a	moderate	 increase	 of	 only	 EPA	





(e.g.	 Schizochytrium)	 and	 Antarctic	 krill	 (Euphausia	 superba)	 represent	 the	 primary	
source	 of	 omega-3,	 which	 are	 then	 ingested	 by	 fish	 and	 consequently	 available	 for	
humans.	Due	to	the	high	degree	of	unsaturation	they	have	low	melting	point,	thus	they	










degumming,	 deacidification,	 bleaching	 and	 deodorization.	 Such	 technological	 steps	
alter	fatty	acids	composition	and	chemical	bonds	and,	up	to	date,	the	exact	distribution	
of	 omega-3	 FAs	 among	 the	 different	 lipid	 types	 is	 not	 well	 known.	 Natural	 fish	 oil	
composition	 is	around	18%	EPA	(20:5n-3)	and	12%	DHA	(22:6n-3),	which	means	that	
one	omega-3	FA	is	present	in	each	TG	molecule,	naturally	bounded	to	the	2-position	














of	 molecules	 is	 known	 to	 play	 a	 central	 role	 in	 homeostasis,	 particularly	 in	 the	
inflammation	 regulatory	 system.	 In	 general,	 omega-3-derived	 eicosanoids	 have	 anti-
inflammatory	properties,	whereas	 if	 they	are	synthetized	from	a	different	precursor,	
such	 as	 arachidonic	 acid	 (AA),	 they	 show	 pro-inflammatory	 nature.	 Moreover,	 EPA	
(20:5n-3)	and	DHA	(22:6n-3)	have	been	reported	to	be	important	precursors	also	for	




immune	 regulatory	 properties,	 such	 as	 shown	 in	 the	 decrease	 of	 leukocytes	
recruitment.		
Anti-inflammatory	properties	are	likely	due	to	the	fact	that	EPA	and	DHA	consumption,	
in	 sufficient	 amount,	 has	 been	 proved	 to	 induce	 changes	 in	 the	 expression	 of	 1040	
genes,	 in	 particular	 decreasing	 the	 expression	 of	 298	 genes	 which	 regulate	
inflammatory-	and	atherogenic-related	pathways	[34].		As	inflammation	is	known	to	be	
related	 to	 several	 chronic	 diseases,	 such	 as	 obesity,	 diabetes,	 rheumatoid	 arthritis,	
cancer,	coronary	heart	disease	and	mental	illness,	it	is	of	major	interest	to	know	how	
dietary	compounds	can	modulate	immune	system	response.	Nowadays,	Western	diet	
is	 characterized	by	high	n-6/n-3	PUFAs	 ratio	 (15:1	 to	16.7:1)	and	 that	 is	 reported	 to	
promote	the	aforementioned	diseases.	Lowering	n-6/n-3	PUFAs	ratio	to	4:1	has	been	












far	as	 insulin	 is	 concerned,	however,	positive	 results	 for	 insulin	 sensitivity	were	only	
measured	in	obese	women	with	high	inflammatory	status	at	baseline,	whereas	other	
studies,	for	example	the	KANWU,	showed	no	insulin	sensitivity	improvement	in	patients	










had	 DHA	 supplementation	 in	 one	 case	 (n	 =	 29)	 and	 did	 not	 in	 the	 other	 (n	 =	 15).	




whose	mother	had	omega-3	 supplementation	 showed	 significantly	higher	 scores	 for	
hand	and	eye	coordination	(114,	SD	10.2)	than	those	in	the	placebo	group	(108,	SD	11.3)	
[40].	 Furthermore,	 lower	 incidence	of	allergies	has	been	 reported	 in	 children	whose	
mothers	 had	 adequate	 EPA	 and	 DHA	 intake	 during	 pregnancy	 and	 breastfeeding,	









of	 European	 pregnant	 women,	 thus	 dietary	 supplementation	 may	 be	 an	 adequate	
solution	[38,	41].	
Even	 though	 scientific	 evidence	 shows	 that	 consumption	 of	 oily	 fish	 or	 dietary	
supplementation	 of	 EPA	 and	 DHA	 is	 correlated	with	 lowered	 risk	 of	mortality	 from	














supplementation	 has	 been	 recommended	 for	 infants	 from	 6	 to	 24	months	 old.	 No	
specific	 directives	 have	been	 given	 for	 the	 age	period	2	 to	 18	 years,	 thus	 children’s	
omega-3	intake	should	be	consistent	with	adults’	advised	intake	[36].		







































membrane	 of	 the	 apical	moiety	 of	 enterocytes	 is	 folded	 into	 villi	 which	 are	 further	
characterized	 by	 the	 presence	 of	 microvilli.	 This	 structure	 greatly	 enhances	 the	
absorptive	surface	of	 the	small	 intestine	and	 it	 is	named	Brushed	Border	Membrane	
(BBM).	 Together	 with	 mucus	 and	 glycocalyx,	 microvilli	 constitute	 a	 unique	
microclimate:	the	unstirred	water	layer	(UWL).	As	this	is	a	polar	environment,	lipophilic	
compounds	are	poorly	soluble,	thus	they	are	prevented	from	reaching	the	enterocytes’	
cell	 membrane.	 However,	 products	 of	 lipid	 digestion,	 biliary	 phospholipids	 and	


















be	 a	 key	 point	 for	 the	 formulation	 of	 novel	 foods.	 Using	 lyotropic	 liquid	 crystalline	
phases	as	delivery	vehicle	is	thought	to	increase	bioavailability	of	poorly	water-soluble	
molecules	 because	 those	 particular	 structures	 conformation	 resembles	 steps	 of	 fat	





in	 terms	 of	 availability.	 Moreover,	 they	 have	 great	 solubilization	 capacity,	 which	 is	
essential	in	the	food	industry	as	(i)	the	amount	of	bioactive	compound	to	be	delivered	








reported	 to	 give	 rise	 to	particles	with	 self-assemble	 internal	 structure.	With	 time	of	
lipase	action	many	different	liquid	crystal	species	appear,	transforming	the	oil-in-water	
emulsion	 to	a	microemulsion	 (EME)	and	 further	 to	an	 inverse	micellar	cubic	 (Fd3m),	
hexagonal	(H2)	and	bicontinuous	cubic	(Pn3m	or	Im3m)	phases,	as	shown	in	Figure	1.11.	











A	study	on	 lyotropic	 liquid	crystal	nanoparticles	 formation	during	milk	digestion	also	
support	 the	 formation	 of	 those	 structure	 in	 the	 just	mentioned	 order.	 This	 in	 vitro	
experiment	in	presence	of	pancreatin	at	low	bile	salt	concentration	(triglycerides/bile	
salt	=	33.6,	triglyceride/pancreatin	=	0.175)	demonstrated	that	after	1	minute	of	milk	
digestion	 the	 transition	 from	 emulsion	 to	 emulsified	microemulsion	 occurs.	 Further	
digestion	 showed	 the	 appearance	 of	 the	 inverse	 hexagonal	 phase	 with	 a	 lattice	
parameter	of	6.4	nm,	after	6	minutes.	After	9	minutes,	hexagonal	structure	diminishes	
a	bit	and	partially	remains	until	the	end	of	digestion.	When	lipases	act	for	more	than	11	






digestion	was	 conducted	 in	 absence	 of	 bile	 salts.	 1	minute	 of	 lipase	 action	 already	
showed	 the	 appearance	 of	 an	 emulsified	 microemulsion	 (EME),	 which	 undergo	





phase	 Pn3m	 also	 coexists	 with	 H2	 and	 lasts	 until	 complete	 digestion.	 Its	 lattice	
parameter	 varies	 from	 21.7	 nm	 at	 the	 beginning	 to	 20.0	 nm	 after	 20	minutes.	 The	
formation	of	such	structures	during	fatty	meal	digestion	(milk)	in	absence	of	bile	salts	is	
of	 extremely	 importance	 because	 it	 is	 likely	 to	 facilitate	 lipid	 digestion	 in	 bile-
compromised	 individuals.	 In	 fact,	 the	 formation	of	 the	highly	porous	cubic	 structure	
allows	 to	 keep	 apolar	 compounds	 in	 solution	 and	 the	 high	 surface	 area	 of	 the	
bicontinuous	 phase	 greatly	 improve	 accessibility	 of	 lipases.	 Therefore,	 quantitative	
important	digestion	may	still	occur	in	bile-compromised	individuals	[43].	
Furthermore,	not	only	the	novel	nanocarriers	resemble	natural	lipid	digestion	structure,	
they	 also	 show	 bioadhesive	 characteristics	 and	 enhanced	 permeability	 in	 intestinal	
cells.	Due	 to	 their	 size	 in	 the	nanoscale,	 cubosomes	can	be	absorbed	by	pinocytosis	
which	ends	in	the	invagination	of	the	cell	membrane	and	vesicle	formation.	The	process	
is	energy	depended	and	saturable,	 in	addition	absorption	rate	is	affected	by	carriers’	
size	 and	 surface	 properties.	 Increased	 bioavailability	 of	 20(S)-protopanaxadiol-
cubosomes	 compared	 with	 the	 raw	 drug	 was	 attributed	 to	 the	 fact	 that	 the	 self-
assemble	bilayer	of	cubosomes	is	very	similar	to	the	cell	membrane	structure,	thus,	it	is	
reasonable	 to	 think	 that	 the	nanocarriers	 can	be	 transported	 intact	 through	 the	cell	
membrane.	 Even	 though	 this	 mechanism	 has	 not	 been	 proven,	 it	 is	 sure	 that	






such	 as	 the	 Golgi	 network	 and	 mitochondria,	 during	 exocytosis,	 endocytosis,	 viral	
fusion,	cell	division	and	many	others	[28].	Above	all,	they	have	been	observed	to	occur	




of	poorly-water	soluble	compounds	which	are	not	well	 retained	 in	 the	 intestine	and	




[49].	 Besides	 encapsulation	 and	 sustained	 release	 of	 drugs,	 these	 particles	 have	
attracted	interest	for	nutraceuticals	solubilization,	chemical	degradation	protection	and	
delivery.	 Their	 importance	 is	 not	 only	 limited	 to	 healthy	 issues,	 they	 are	 indeed	
promising	for	aromas	and	flavors	solubilization	and	controlled	release,	bio-sensor	and	
(enzymatic)	 bio-reactors	 carriage	 and	 control	 of	 membrane	 protein	 crystallization.	
Although	these	are	just	few	examples	of	the	copious	number	of	use,	these	nanoparticles	
are	suitable	for	various	fields	of	application.	Last	but	not	least,	such	lipid	nano-devices	
are	 non-toxic	 and	 biodegradable,	 which	 makes	 them	 perfectly	 suitable	 for	 any	
environmentally-friendly	application	[15,	26,	49,	50].	
As	far	as	the	food	industry	is	concerned,	research	is	also	conducted	aiming	to	create	or	
improve	 innovative	 and	 more	 efficient	 ways	 to	 deliver	 nutrients	 and	 bioactive	
compounds	with	 positive	 health	 effects,	 focusing	 on	 targeted	 release	 and	 increased	
bioavailability.	Nanotechnology	is	a	key	element	to	pursue	these	goals	as	it	has	already	
given	 significant	 improvement	 for	 drugs	 and	 therapeutic	 components	 delivery.	
Although	very	promising	for	food	applications,	pharmaceutical	nanotechnologies	need	
to	be	re-designed	in	terms	of	food	regulations.	With	these	premises,	this	work	aims	to	




molecules:	 omega-3	 fatty	 acids.	 Their	 role	 in	 cellular	 functions	 is	 widely	 recognized	





mental	 illness.	Moreover,	 they	 are	 known	 to	 be	 crucial	 for	 fetal	 growth	 and	 healty	
ageing	[34,	38].	
Even	 though	 lots	 of	 research	 has	 focused	 on	 the	 improvement	 of	 nanoparticle	
structuring	for	pharmaceuticals	delivery,	only	little	effort	has	been	made	as	far	as	the	
food	 sector	 is	 concerned.	 In	 fact,	 to	 create	 a	 stable	 aqueous	 dispersion	 of	 lipid	
nanoparticles,	 the	 triblock	co-polymer	Pluronic®	F127	 is	mostly	used	among	studies.	
Although	it	is	FDA	approved,	it	cannot	be	used	in	food	products.	In	January	2017,	Serieye	
et	al.	 [30]	published	a	paper	about	the	stability	throughout	time	of	 limonene-loaded	




In	order	 to	move	a	step	 forward	 in	 the	design	and	use	of	 smart	 food-grade	delivery	
vehicles,	 this	work	 focused	 on	 understanding	 the	 impact	 of	 EPA	 on	 the	well-known	







on	 the	 internal	 structure	 of	 the	 nanoparticle,	 three	 different	 dispersions	 have	 been	
prepared	 at	 different	 concentrations,	 based	 on	 which	 seemed	 to	 be	 the	 most	
representative	ones.	Samples	have	been	made	in	duplicates,	using	both	the	new-entry	



















Figure	 3.1	 illustrates	 the	 basic	 components	 of	 an	 X-ray	 scattering	 instrument.	 The	
source	 irradiates	the	sample	which	 is	positioned	on	a	sample	holder,	the	collimation	
system	 defines	 the	 zero-angle	 position	 and	 assures	 a	 narrow	 beam,	 the	 beam-stop	
avoids	that	the	incident	and	very	intense	X-ray	beam	hits	the	detector	and	the	detector	
measures	the	intensity	as	well	as	the	position	of	the	incoming	scattered	X-rays.	X-ray	
scattering	 techniques	 provide	 reciprocal	 space	 data.	 Thus,	 a	 variation	 of	 electron	





Figure	 3.1.	 Schematic	 figure	 of	 the	 components	 of	 an	 X-ray	 Scattering	 instrument.	
Figure	adapted	from	[47].	
	












	 𝑞 = 4𝜋𝜆 ∙ sin 𝜃	 (2).	
	
where	q	 is	 the	 scattering	 vector	 and	expressed	as	 [1/nm].	When	particles	 align	 into	
highly	 ordered	 and	 periodic	 (crystalline)	 structures,	 specific	 scattering	 pattern	 with	
pronounced	peaks	are	recorded.	These	diffraction	peaks	are	called	“Bragg	peaks”	and	
the	 position	 of	 maximum	 intensity	 is	 defined	 by	 their	 scattering	 vector	 qpeak.	 Each	
reflection	peak	 is	 characterized	by	 the	Miller	 indices,	which	describe	directional	and	






















1𝑑EFGI = ℎI + 𝑘I + 𝑙I𝑎I 	 (5).	
	
Due	 to	constructive/destructive	 interactions	between	scattered	X-rays,	only	 some	of	
the	repeating	structures	of	crystals	are	detected	in	SAXS	analysis,	as	reflection	peaks,	
and	they	appear	at	specific	proportional	distances	based	on	the	crystals’	space	group.	
The	 ratios	 between	 the	 reflection	 peaks	 of	 the	 most	 relevant	 biological	 lipid	
mesophases	are	well	known	and	reported	in	Table	2.	






𝑑𝑑 ℎ = 1,2,3,4, …	 d	is	the	repeat	distance	of	the	layers	
Cubic	(Im3m)	
𝑎𝑑 ℎ𝑘𝑙 = 2,4,6,8,10,12,14…	 ɑ	is	the	lattice	parameter	of	the	crystals	
Cubic	(Pn3m)	
𝑎𝑑 ℎ𝑘𝑙 = 2,3,4,6,8,9,10…	 	
Cubic	(Iad3)	
𝑎𝑑 ℎ𝑘𝑙 = 6,8,14,16,20,22, …	 	
H2	
3𝑎2𝑑 ℎ𝑘 = 1,3,4,7,9, …	 	
Cubic	(Fd3m)	
𝑎𝑑 ℎ𝑘𝑙 = 3,8,11,12,16,19,24, …	 	
																																																						























	 𝑎 = 	 2𝜋𝑠𝑙𝑜𝑝𝑒	 (9)	
mesophases.	
In	 case	 of	 the	 lamellar	 phase,	 qh	 is	 proportional	 to	 1,2,3…	 .	 Differently,	 due	 to	 the	
disordered	 state	 of	 particles	which	 do	 not	 give	 rise	 to	 a	 single	 repeat	 distance,	 the	

























as	 temperature	 control	 system.	 Exposure	 time	 was	 incredibly	 shorter	 than	 for	 the	
38	
	
Anton-Paar	 instrument:	 bulk	 phase	 samples	 were	 exposed	 for	 0.1s	 whereas	
concentrated	dispersions	for	5s	because	they	diffracted	poorly	compared	to	the	others.	
Data	 reduction	 was	 carried	 out	 by	 DLS	 specialists,	 afterwards	 peak	 analysis	 was	
completed	the	same	way	as	for	data	from	the	other	machine.		



































	 𝑟\]^_X = 0.391𝑎 − 𝑙b 	 (10)	

















motion	 scatter	 the	 radiations	 which	 intensity	 is	 then	 measured	 at	 the	 detector.	
																																																						





different	 intensities.	 As	 particles	 are	 in	 Brownian	 motion,	 the	 interference	 pattern	
changes	 constantly	 and	 the	 rate	 of	 movement	 is	 correlated	 to	 the	 particle	 size	
distribution	by	equation	(11).	The	analysis	of	the	intensity	fluctuation	throughout	time	
allows	to	calculate	the	correlation	 function	which	contain	the	 information	about	the	
diffusion	 coefficient	 to	 be	 used	 in	 the	 Stokes-Einstein	 equation.	 That	 information	 is	




Basic	 components	of	DLS	 instrument	are	a	 laser	 (He-Ne,	wavelength	λ	=	633	nm),	 a	
photon	counting	device	and	a	digital	signal	processor.	Measurements	were	carried	out	
at	25	°C,	at	fixed	scattering	angle	of	173°	and	each	measurement	cycle	included	11	runs	
of	 10s.	 As	 refractive	 index	 of	 the	 material,	 1.488	 was	 used,	 as	 representative	 of	
monolinolein	[56].		
Several	measurements	were	 taken	within	 the	42	days	of	 time	stability	 investigation.	
Each	one	of	 the	 six	 samples	was	diluted	 to	10-3	%	 solids	 and	 the	measurement	was	
repeated	3	times.	z-Average	and	PdI	were	calculated	as	the	average	of	the	3	measures	
and	plotted	against	 the	number	of	days	elapsed	since	sample	preparation.	Waterfall	





mixture,	which	hydrophobic	 tails	composition	 is	91%	C18	chains.	 In	particular,	C18:2	
chains	are	the	major	component	(62%),	followed	by	C18:1	(24.9%)	and	C18:0	(4.2%).	































	 𝛿 = 	 𝐷𝑈𝐷𝑈 + 𝐸𝑃𝐴	 (13).	
	




















that	 was	 found	 during	 the	 previous	 experiments:	 δ98	 as	 representative	 of	 the	
bicontinuous	cubic	phase,	δ85	of	the	hexagonal	one	and	δ73	of	the	micellar	cubic	phase.	
SAXS	analysis	was	carried	out	to	investigate	the	internal	structure	of	the	nanoparticles,	
in	 order	 to	 evaluate	 if	 they	 undergo	 any	 changes	 upon	 dispersion,	 with	 different	
stabilizers.	Instead,	DLS	measurements	were	conducted	to	assess	particles	size	and	their	
stability	 throughout	 time.	 These	 two	 experiments	 were	 performed	 on	 the	 same	
samples,	which	were	made	as	following:	duplicates	of	δ98,	δ85	and	δ73	samples	were	
obtained	 by	 co-dissolving	 monoglycerides	 from	 a	 stock	 solution	 of	 20%	 w/v	 DU	
solubilized	 in	ethanol	and	EPA	from	the	solution	manufactured	by	Cayman	Chemical	




heated	 up	 at	 50	 °C	 to	make	 sure	 the	 lipid	 phase	 was	 completely	melted	 and	 each	









concentrated	 by	 evaporating	 the	 water	 at	 room	 temperature,	 with	 the	 help	 of	 the	
vacuum	oven.	SAXS	analysis	was	then	carried	out	partially	at	the	University	of	Leeds	and	
at	Diamond	Light	Source	synchrotron.	Instead,	for	particles	size	measurements	in	DLS,	

































they	 are	 fully	 hydrated	 (excess	 of	 water).	 Such	 arrangement	 is	 found	 from	 a	
temperature	of	15	°C	to	55	°C,	whereas	at	65	°C	also	the	reverse	hexagonal	phase	weakly	
appears	and	the	two	phases	coexist.	This	 is	due	to	the	fact,	that	raising	temperature	






investigations	 at	 higher	 temperatures	 have	 been	 conducted	 in	 this	 work	 but,	
considering	the	findings	of	others	[26,	58],	it	is	legitimate	to	assume	that	the	presence	











appear,	when	the	monoglycerides	have	a	smaller	chain	splay,	 i.e.	 in	 the	presence	of	
other	molecules	(guests	or	stabilizers)	that	promote	smaller	curvatures	(molecules	with	





project,	 whereas	 data	 for	 δ	 =	 100	 is	 taken	 from	 a	 previous	 work,	 therefore	 this	
disagreement	is	most	probably	due	to	preparation	inaccuracies.	The	trend	of	the	lattice	








coexists	 with	 the	 H2	 phase	 during	 phase	 transition.	 At	 35	 °C,	 only	 the	 hexagonal	
structure	is	found	and	it	persists	up	to	the	maximum	investigated	temperature	of	65	°C.	













and	 guest	 molecule	 content.	 For	 example,	 soy	 phosphatidylcholine	 (SPC)/glycerol	
dioleate	(GDO)	mixture	shows	transition	from	H2	to	Fd3m	when	they	are	mixed	in	ratio	












is	not	present	during	 the	 transition	 from	H2	to	L2	phase.	The	 latter	coexists	with	 the	
hexagonal	phase	at	35	°C	and	it	is	present	as	pure	L2	phase	at	45	and	55	°C.	The	very	fast	
transition	from	one	phase	to	the	other	may	be	due	to	the	strong	effect	of	temperature	
















observed	 alone	 at	 35	 °C	 and	 45	 °C	 and	 no	 traces	 of	 Fd3m	 phase	 are	 visible	 in	 the	
scattering	patterns	of	this	mixture	at	these	conditions.	No	further	investigations	were	




The	 last	 three	 EPA/monoglycerides/water	 samples	 show	 the	 same	 behaviour:	 the	
transition	occurs	 from	hexagonal	 to	 inverse	micellar	phase	with	no	 formation	of	 the	
cubic	micellar	 one.	At	 δ	 =	 70,	 the	pure	H2	phase	 is	 present	 at	 the	 first	 temperature	
measurement	and	transforms	to	L2	phase,	when	increasing	the	temperature.	At	35	°C	
the	phase	transition	is	completed,	after	phase	coexistence	at	25	°C.	Increasing	the	EPA	




at	 15	 °C,	 while	 the	 characteristic	 first	 form-factor	maximum	 of	 the	 inverse	micellar	





As	 far	as	 the	 lattice	parameter	 is	 concerned,	 the	decreasing	 trend	at	 increasing	EPA	
content	and	raising	temperature	is	confirmed.	At	δ	=	80	it	goes	from	5.13	to	4.83	nm	at	
45	°C,	while	moving	to	lower	δ	(higher	EPA	content)	the	lattice	parameter	decreases	to	
a	minimum	of	 4.66	nm	at	 δ	 =	 65	 (T	 =15°C).	 It	 is	 important	 to	note	 that	 the	 inverse	
micellar	phase	does	not	display	crystalline	order,	but	rather	a	characteristic	distance	d	
can	be	 identified	 in	 the	 first	 form-factor	maximum	of	 the	 SAXS	pattern.	 Its	 position	



















10.05	 to	 7.50	nm	with	 an	 average	decrease	 rate	of	 0.051	nm/°C	 and	with	 a	 rate	of	
0.0374	 nm/°C,	 at	 δ	 =	 98.	 Instead,	 in	 case	 of	 the	 hexagonal	 structure,	 the	 lattice	
parameter	decreases	almost	four	time	slower,	with	an	average	rate	of	0.013	nm/°C	at	
δ	 =	 95	 and	 of	 0.011	 nm/°C	 at	 δ	 =	 85.	 This	 behavior	may	 be	 due	 to	 the	 packing	 of	
monoglycerides	 in	 the	 two	different	 structures:	 in	 the	H2	phase	 the	amphiphiles	are	
closely	 packed	 to	 form	 a	 smaller	 structure	 compared	 to	 the	 bicontinuous	 phases.	
Molecular	packing	constraints	 in	the	discontinuous	H2	phase	are	likely	to	limit	bigger	








Similar	 conclusions	 can	 be	 drawn	 for	 the	 relation	 between	 EPA	 content	 and	 lattice	










based	 on	 the	 results	 of	 Serieye	 et	 al.	 [30].	 Samples	were	 sonicated	 as	 described	 in	
section	3.3.2:	fine	and	homogeneous	dispersion	were	obtained,	as	shown	in	Figure	4.4.	
X-ray	experiments	were	carried	out	both,	with	the	SAXS	equipment	at	the	University	of	
Leeds	 (Leeds,	 UK)	 and	 at	 “Diamond	 Light	 Source”	 synchrotron	 (Didcot,	 UK).	
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Leeds.	 From	 the	 SAXS	 analysis,	 both	 Pluronic®	 F127	 and	 sucrose	 stearate	 stabilized	
particles	 resulting	 to	 have	 an	 inverse	 bicontinuous	 cubic	 internal	 structure	with	 the	
space	 group	 Im3m.	 This	mesophase	 appears	 at	 higher	 hydration	 level	 compared	 to	
Pn3m	and	it	is	characterized	by	a	less	negative	surface	curvature;	in	this	case	it	is	due	
to	the	interactions	with	the	stabilizing	molecules.	As	far	as	the	triblock	co-polymer	is	























for	 Im3m	 phases,	 respectively	 (using	 𝑙b = 15.7	nm	[28]).	 Even	 if	 Pluronic®	 F127	
modifies	the	internal	structure,	the	lattice	parameter	values	are	in	line	with	the	Bonnet	
transformation	 relationship,	which	 predicts	𝑎cX_X 𝑎]^_X = 1.279 10,	 in	 binary	 bulk	
systems	[31].	In	fact,	the	ratio	between	a	values	of	the	Pn3m	and	the	Im3m	phases	(δ	=	
98,	T	=	25	 °C)	 is	1.403,	which	 is	 in	 reasonable	agreement	with	 the	 theoretical	 value	
considering	that	the	conditions	are	quite	different.	Much	different	is	the	ratio	in	case	of	
sucrose	 stearate	 stabilized	 particles:	 𝑎cX_X 𝑎]^_X = 1.824 11,	 which	 indicates	 the	
structure	of	the	Im3m	phase	greatly	swollen	with	respect	to	the	Pn3m	phase.	Omitting	
the	difference	from	the	theoretical	value	that	is	due	to	the	system	conditions,	the	great	















*DW = 2 rW (using Equation 11). 
	
Water	channel	diameter	is	also	an	important	factor,	when	as	the	objective	of	particle	






with	 the	 typical	 water	 channel	 size	 of	 bicontinuous	 phases	 [28],	 and	 6.9	 nm	 using	
sucrose	stearate.	
The	 difficulty	 of	 tuning	 nanoparticles’	 properties	 and	 the	 inability	 to	 create	 highly	
swollen	structures	to	load	large	compounds	are	two	of	the	major	bottlenecks	for	the	
exploitation	of	lyotropic	liquid	crystalline	nanocarriers.	For	example,	they	could	be	used	




compounds	 release.	 When	 temperature	 increases	 hydrophilic	 guest	 molecules	 are	
expelled,	if	they	do	not	fit	in	the	channels	network	anymore.	
	
Sample Temperature [°C] Lattice parameter [nm] Phase Dw* [nm] 
Sucrose stearate, δ=98 5 18.59 Im3m 8.2 
 25 16.40 Im3m 6.9 
 37 14.50 Im3m 5.7 
     
Pluronic® F127, δ=98 5 13.61 Im3m 5.2 
 25 12.62 Im3m 4.6 





Sample Temperature [°C] Lattice parameter [nm] Phase 
Sucrose stearate, δ=98 5 18.59 Im3m 
 25 16.40 Im3m 
 37 14.50 Im3m 
    
Pluronic® F127, δ=98 5 13.61 Im3m 
 25 12.62 Im3m 
 37 11.91 Im3m 
    
Sucrose stearate, δ=85 5 17.89 Fd3m 
 25 17.74 Fd3m 
 37 17.65 Fd3m 
    
Sucrose stearate, δ=73 5 18.10 Fd3m 
  5.96* H2* 
  4.24* L2 
 25 18.01 Fd3m 
  5.88* H2* 
  4.26* L2* 
 37 17.90 Fd3m 
  5.81* H2* 
  4.24* L2* 
	
Samples	 with	 δ	 =	 85	 and	 δ	 =	 73	 have	 been	 measured	 at	 “Diamond	 Light	 Source”	
synchrotron.	Despite	the	high	brilliance	of	the	SAXS	beamline	I22,	no	good	results	have	
been	 collected	 for	 Pluronic®	 F127	 stabilized	 particles	 at	 those	 concentrations,	 as	
attested	by	their	absence	in	Table	4.	One	reason	may	be	particle	size.	In	fact,	sucrose	
stearate	stabilized	particles	were	much	bigger	than	Pluronic®	F127	ones	at	the	time	of	
the	 measurements,	 while	 they	 are	 significant	 smaller	 directly	 after	 the	 particle	
formation	(Figure	4.5).	The	low	number	of	structural	repetitions	within	each	particle12	
might	 prevent	 to	 obtain	 a	well	 ordered	 liquid	 crystal	 and	hence	no	 clear	 diffraction	
pattern	 is	observed.	Another	factor	to	take	 into	account	 is	that	none	of	the	samples	
diffracted	at	φ	=	1	%	w/w	concentration.	The	samples	were	concentrated	by	using	a	


































be	 explained	 by	 non-homogenously	 dispersed	 particles,	 i.e.,	 coexisting	 particle	



















































































































































with	 δ	 =	 100	 concentration	 and	 of	 at	 least	 15	 days	 in	 case	 of	 limonene-containing	
particles.	They	also	obtained	 the	 same	 results,	when	 the	dispersions	were	 stabilized	
with	 sucrose	 stearate,	 which	 was	 accredited	 to	 be	 the	 best	 candidate	 to	 replace	
Pluronic®	F127	for	food-related	purposes.	
In	 this	 work,	 stability	 was	 measured	 throughout	 42	 days	 and	 showed	 important	
differences	between	the	two	surfactants.	Pluronic®	F127	stabilizes	all	three	dispersions	
(δ	 =	 98,	 δ	 =	 85	 and	 δ	 =	 73)	 throughout	 the	 entire	 period	 of	 time,	with	 an	 average	
diameter	of	147.7	nm,	158.1	nm	and	170.8	nm,	respectively.	Sucrose	stearate	gives	the	
best	results	with	the	δ	=	98	sample,	which	is	stable	for	14	days	with	an	average	diameter	
of	 143.1	 nm,	 followed	 by	 the	 δ	 =	 85	 dispersion	 being	 stable	 for	 10	 days	 (138.9	 nm	
particle	 size),	 and	 last,	 the	δ	 =	 73	 sample	 is	 only	 stable	 for	 8	 days	 (average	particle	
diameter	of	 168.1	nm).	A	 reason	 for	 the	 very	 short	 stabilizing	properties	 of	 sucrose	
stearate	 on	 the	 EPA/monoglyceride	 mixture	 is	 that	 eicosapentaenoic	 acid	 is	 liquid	
already	at	-54	°C,	thus	there	is	a	high	probability	for	the	formation	“point	defects”	in	















































Particle size distribution [nm]




















































































analysis.	 The	 ones	 on	 the	 left	 (smaller	 particles	 sizes),	 describe	 time	 stability	 of	 the	
Pluronic®	 F127	 stabilized	 samples.	 Here,	 no	 visible	 shift	 to	 greater	 particles	 sizes	 is	
present,	meaning	that	the	average	particle	size	does	not	change	as	it	was	already	found	
from	 the	 Z-average	 analysis.	 However,	 looking	 at	 the	 curves	 of	 the	 latest	 days	 of	
measurements,	it	is	possible	to	see	a	widening	trend	of	the	curves,	due	to	the	increase	
of	 the	 polydispersity.	 The	 plots	 on	 the	 right-hand	 side	 refer	 to	 sucrose	 stearate	
stabilized	nanoparticles:	a	maximum-shift	to	greater	particles	sizes	is	visible	when	the	
dispersions	destabilize.	Remarkably,	an	unexpected	trend	is	seen	with	regards	to	the	
curves	 width:	 at	 the	 three	 concentrations,	 the	 size	 distributions	 become	 narrower	







In	 order	 to	 reproducibly	 engineer	 food-grade	 delivery	 vehicles	 with	 defined	 liquid-
crystalline	internal	structure,	it	is	necessary	to	understand	how	guest	molecules	affect	
the	self-assembly	properties	and	how	the	surfactant	further	modifies	the	structure.	The	
objectives	 of	 this	work	were	 the	 study	 of	 phase	 behavior	 of	 eicosapentaenoic	 acid/	






the	water	 channel	 network	 (in	 case	 of	 inverse	 cubic	 and	 hexagonal	 phase),	 (iii)	 the	
possibility	to	solubilize	both	lipophilic	and	hydrophilic	guest	compounds	and	by	(iv)	the	
opportunity	 to	 tune	 internal	 structure,	 giving	 different	 characteristics	 in	 terms	 of	
controlled	release	and	stability	[3,	6,	43].	
The	 first	 part	 of	 the	 study	 provides	 insight	 into	 phase	 behavior	 of	 swollen	












what	 seemed	 to	 be	 the	 most	 interesting	 loading	 concentrations	 for	 the	 design	 of	
dispersed	 particles.	 δ	 =	 98	was	 chosen	 in	 order	 to	 investigate	 the	 formulation	 of	 a	
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cubosome-based	 dispersion,	 δ	 =	 85	 was	 related	 to	 the	 hexagonal	 phase,	 thus	 the	
formation	 of	 hexosomes	were	 expected,	 and	 δ	 =	 73	was	 studied	with	 the	 intent	 of	
producing	micellar	cubosomes.	The	latter	dispersion	has	found	great	attention	[30,	31,	
59]	and	it	is	particularly	interesting	because	it	is	the	first	colloidal	form	present	during	
lipid	 digestion.	 The	 possibility	 to	 tune	 particle’s	 internal	 structure	 allows	 to	 create	
particles	with	different	properties	and	function.	For	example,	hexosomes	show	a	slower	
hydrophobic	 compound	 release	 compared	 to	 cubosomes	 and	 a	 three-times	 better	
bioavailability	of	the	drug	cinnarizine	[60].	Differently,	water	channel	size	of	cubosomes	
can	be	swollen	up	to	21.8	nm	(lattice	parameter	of	47.0	nm)	by	the	incorporation	of	
charged	 lipids	 [28]	 which	 allows	 loading	 and	 delivery	 of	 much	 larger	 compounds	
compared	to	hexosomes	or	micellar	cubosomes.	
With	regards	to	this	work,	both	Pluronic®	F127	and	sucrose	stearate	stabilized	particles	
show	 Im3m	 internal	 structure	 at	 δ	 =	 98.	 However,	 the	 lattice	 parameter	was	 quite	
different	in	the	two	cases:	the	triblock	co-polymer	forms	a	thick	corona	all	around	the	
particles	but	do	not	penetrate	the	water	channels	because	of	its	large	size	(MW	12600	
gr/mol).	 In	 fact,	 the	 lattice	 parameter	 value	 is	 in	 accordance	 with	 the	 Bonnet	
transformation	relation	which	is	𝑎cX_X 𝑎]^_X = 1.279	and	it	is	found	to	be	1.40313.	
When	particles	are	stabilized	by	sucrose	stearate,	the	pore	size	is	approximately	37%	
larger	 than	 in	 the	case	of	Pluronic®	F127.	The	 increase	 in	water	channel	diameter	 is	
caused	 by	 sucrose	 stearate	molecules	 penetrating	 inside	 the	 aqueous	 network	 and	
acting	as	chaotrope,	thus	inducing	the	structure	to	swell.	Equivalent	results	are	reported	




Remarkably,	 nanoparticles	 with	 a	 composition	 of	 δ	 =	 73	 have	 shown	 a	 rich	








not	meet	 the	expectations	 in	 terms	of	 stabilization	capacity.	 Findings	of	 the	present	
work	are	far	from	those	obtained	by	Serieye	et	al.	[30]:	they	stabilized	a	dispersion	of	

























 Temperature [°C] Slope Lattice parameter [nm]  Phase type 
δ = 100 15 0.63 10.05 Pn3m 
 25 0.66 9.54 Pn3m 
 35 0.70 8.93 Pn3m 
 45 0.75 8.36 Pn3m 
 55 0.80 7.86 Pn3m 
 65 0.84 7.50 Pn3m 
     
δ = 98 15 0.50 12.48 Im3m 
  0.65 9.70 Pn3m 
 25 0.70 8.99 Pn3m 
 35 0.73 8.66 Pn3m 
 45 0.78 8.09 Pn3m 
 55 0.80 7.83 Pn3m 
  1.25 5.80 H2 
 65 1.28 5.65 H2 
     
δ = 95 15 0.74 8.54 Pn3m 
 25 0.75 8.39 Pn3m 
  1.21 5.99 H2 
 35 1.24 5.87 H2 
 45 1.28 5.68 H2 
 55 1.32 5.51 H2 
 65 1.36 5.32 H2 
     
δ = 90 15 1.21 5.97 H2 
 25 1.25 5.82 H2 
 35 1.29 5.62 H2 
 45 1.33 5.44 H2 
 55 1.37 5.29 H2 
 65 1.48 4.92 H2 
     
δ = 85 15 1.36 5.34 H2 
 25 1.39 5.22 H2 
 35 1.42 5.10 H2 
 45 1.46 4.97 H2 
 55 1.49 4.86 H2 
 65 1.52 4.77 H2 
     
δ = 80 15 1.41 5.13 H2 
 25 1.45 4.99 H2 
 35 1.49 4.87 H2 
 45 1.50 4.83 H2 
 55 1.50 4.83 H2 
  1.83 3.43 L2 
 65 2.10 2.99 L2 
     
δ = 75 15 1.50 4.83 H2 
 25 1.52 4.76 H2 
66	
	
 35 1.53 4.73 H2 
  - - L2 
 45 1.49 4.23 L2 
 55 1.53 4.12 L2 
    H2 
δ = 73 15 1.54 4.70 H2 
 25 1.56 4.66 H2 
   trace L2 
 35 1.53 4.09 L2 
 45 1.58 3.98 L2 
     
δ = 70 15 1.55 4.68 H2 
 25 1.56 4.66 H2 
   trace L2 
 35 1.56 4.03 L2 
     
δ = 68 15 1.55 4.68 H2 
   trace L2 
 25 1.55 4.67 H2 
  1.53 4.10 L2 
 35 1.55 4.06 L2 
     
δ = 65 15 1.56 4.66 H2 
  1.53 4.11 L2 
 25 1.55 4.06 L2 
 35 1.57 4.00 L2 
	
Table	 6.	 Z-Average	 mean	 (three	 measurements)	 and	 standard	 deviation	 (SD)	 of	
Pluronic®	F127	stabilized	dispersion	during	time	stability	investigation.	
 Pluronic® δ = 98 Pluronic® δ = 85 Pluronic® δ = 73 
Days Mean SD Mean SD Mean SD 
1 145.3 4.744 164 3.092 186.7 5.311 
4 136.6 2.715 152.8 5.534 178.7 2.307 
7 143.4 0.9074 155.9 1.058 177.4 0.9609 
9 143.8 1.493 155.3 2.571 176 3.5 
11 156.3 5.405 163.2 5.37 170.7 5.398 
13 153.3 3.528 156.2 1.127 166.8 1.217 
15 151.2 0.4933 157.3 2.551 167.2 2.551 
18 150 0.6506 158 5.014 164.9 4.951 
20 148.4 1.976 155.6 3.602 165.6 3.4 
22 145.3 2.136 149.2 1.976 158.5* 0.8386 
26 150 2.536 154.5 2.248 168.1 2.265 
29 147.2 1.361 159.4 2.6 166.9 4.327 
34 143.9 1.861 158.8 0.4583 165.7 2.914 
39 148.4 1.701 162.9 1.3 168.1 2.128 






 SS δ = 98 SS δ = 85 SS δ = 73 
Days Mean SD Mean SD Mean SD 
1 145.5 2.452 149.4 3.424 171.1 2.771 
4 136.8 5.107 139.3 4.188 123 3.1 
7 144.4 2.007 131.4 1.1 159.2 1.6 
9 145 1.358 122.2* 1.931 174 1.85 
11 144.8 2.663 135.6 6.72 197.3 1.127 
13 143.8 4.912 162 4.491 261.3 8.915 
15 141.5 3.02 203 6.292 277.1 1.973 
18 166.2 1.609 257.5 4.576 352.4 17.68 
20 184.2 1.762 247.1 5.501   
22 197.9 0.9452 262.3 4.104   
26 210.2 2.501 570.1 8.858   
29 209 0.9165 650.4 5.2   
34 202.7 0.2646     
39 236 3.066     
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